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Abstract 
Structural and optical properties of porous Si are 
reviewed with the main emphasis on the radiative recom-
bination mechanisms. Behaviors of the visible photo-
luminescence and another intense luminescence process 
(the infrared luminescence) are discussed based on the 
available data provided by photoluminescence and relat-
ed techniques. It is demonstrated that a further insight 
into the interrelation of these luminescence processes can 
be obtained by the optically-detected magnetic resonance 
method, in which non-radiative point defects (surface 
dangling bonds) are used as a local structural probe for 
the radiative states. 
As for the model for the visible light emission, the 
implication of the quantum confinement model ( quantum 
wire or dot model) is discussed together with its limita-
tions. We also discuss the possible role of localiz.ed 
states as the source of this visible photoluminescence. 
Such states may be present near the surface regions of 
small Si clusters to provide the radiative states. On the 
other hand, the infrared luminescence is speculated to be 
the carrier recombination in the perturbed crystalline Si 
regions, having rather large dimensions compared to 
those of the Si-microcrystallies. 
Key Words: Porous silicon, photoluminescence, decay 
characteristics, temperature dependence, defects, non-
radiative centers, electron spin resonance, optically 




The research activities on porous silicon (PS) was 
initiated in 1950's [66] and some of the early efforts was 
already focused on its optical properties [45]. However, 
this material started to attract a widespread attention 
since 1990 when Canham [8] observed an efficient pho-
tolu.minescence (PL) in the visible energy region at room 
temperature. From the technological viewpoint, this 
light emission process has opened a new possibility of 
photonic and electronic integration of silicon-based de-
vices with a simple anodization technique. Further study 
has revealed that the emission wavelength can be, in 
part, controllable by the process parameters during and/ 
or after anodization. The peak wavelength is now dem-
onstrated to be adjustable in the approximate range 
between 800 nm (red) and 500 nm (green). 
The mechanism by which the material shows the 
visible luminescence is rather controversial. The possi-
bility of quantum confinement effect [8] in small size Si 
clusters within the porous layers has become a hot issue. 
In this connection, optical properties have been exten-
sively studied in an attempt to answer whether or not 
one can attribute this luminescence to such a confined 
carrier system. Also, similarities to other Si-related 
chemicals are explored, such as, poly-silane [49], silo-
xene [6], or a-Si(O):H [11, 71]. So far, the structural 
complexity of PS, which contains crystalline rods or 
dots, amorphous layers, and oxides, seems to be the 
main source of difficulty in clarifying the electronic 
states governing the luminescent properties. 
In this paper, the structural and optical properties of 
PS are reviewed with the main emphasis on the radiative 
recombination mechanisms. The implication of the 
quantum confinement model ( quantum dot model) is dis-
cussed together with its limitations. We also discuss the 
possible role of localiz.ed states as the source of the visi-
ble luminescence. 
Structure of Porous Layers 
Porous silicon was first discovered as a result of 
chemical etching or electro-polishing. The material was 
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first called "anode film" but later, it was called PS since 
it is a Si film with a high porosity. PS contains a lot of 
elongated pores with nanometer dimensions and the sur-
face area normaliz.ed to the volume is huge (200 to 600 
m2/cm3) [3]. 
The most general way to prepare the PS film is to 
anodize a Si wafer in HF-based solution at low current 
density [54]. Ethanol is often added to the solution to 
reduce the viscosity and remove hydrogen bubbles from 
the porous region. For example, our sample, whose op-
tical properties are described in the later sections, are 
obtained by the following recipe. The starting wafer is 
a p-type (100) Si (1-30 0cm) and Al-ohmic electrode 
was formed on the backside prior to anodization. The 
wafer was immersed into the solution (49%-HF:ethanol 
= 5:3) with a facing Pt-cathode. Applied current densi-
ty and anodization period are 20 m.A/cm2 and two 
hours, respectively. Thickness of the porous layer is 
clearly dependent on time for anodization and it can 
extend to several hundred micrometers. 
It is also possible to remove the PS layer from the 
substrate by applying an increased current at the end of 
anodization process. The films obtained this way are 
usually called self-supporting PS or free-standing PS. 
Such films are useful in performing the optical absorp-
tion study. The anodization process forms an array of 
pores which run virtually normal to the substrate sur-
face. The diameter can be controlled from a few nm to 
a few µm by selecting the substrate resistivity and the 
anodiz.ation conditions [2]. 
It is generally accepted that holes are required in the 
initial etching step in order to release hydrogen from the 
surface. This is why a light irradiation is necessary for 
anodization of n-type substrates. The role of holes is to 
make the surface Si-H bonds unstable, which are other-
wise inert, against halide atoms and initiate dissolution 
of surface Si atoms [54]. Once a surface dip is develop-
ed in this way, the surface electric field is modified and 
more holes are driven to these points so that the mor-
phological non-uniformity is amplified. In order to ex-
plain why the rods with small diameters are left as a re-
sult of anodization, instead of complete etching, Leh-
mann and Goesele [30] proposed a model based on the 
quantum confinement effect. As the etching proceeds, 
the remaining crystalline Si undergoes this effect and the 
electronic energy is raised with respect to the bulk ener-
gy. Thus, the carriers are depleted from such small 
rods so that the lateral pore formation is terminated. 
Diffraction measurements using X-ray or electron 
beam have revealed the presence of crystalline regions 
within the PS layer [l, 62]. The X-ray diffraction 
(XRD) reveals that the lattice parameter in PS is slightly 
longer than that of the Si-substrate by an amount de-
pending on the substrate conductivity (0.04 % for non-de-
184 
generate substrate, 0.35 % for degenerate substrate [73]). 
Such a dependence on the substrate conductivity has 
been shown to correlate with the variation in the pore 
structures. The width of diffraction peak is found to be 
broader than the substrate signal so that the presence of 
disorder has been suggested [73]. 
From transmission electron microscopy (TEM) ob-
servations, the main constituent is determined to be mi-
crocrystalline Si embedded in amorphous layer, probably 
SiOx [38]. It is interesting that the orientation of these 
microcrystallites is not lost even in an amorphous layer: 
it is the same as in a substrate. Raman study also re-
veals that PS contains both microcrystallites and a-Si 
[23, 42]. Further, by analyzing the peak shift and 
broadening, average diameters of the crystallites have 
been estimated, which tum out to be consistent with the 
TEM results. The existence of a-Si has been also infer-
red from the X-ray photoelectron spectroscopy (XPS) 
study by Vasquez et al. [67). 
Infrared (IR) spectroscopy reveals information on 
the surface chemical bonds by exciting their vibrations. 
The surface of as-anodized PS bas been shown to be sat-
urated by Si-H bonds [51]. These hydride-related sig-
nals are reduced after thermal anneal at 300 to 400 ° C 
when the visible luminescence intensity is also drastical-
ly reduced [63, 64]. At the same time, Si-O-Si vibration 
signal becomes stronger suggesting the formation of ox-
ide layer [63]. It is also reported that light irradiation 
induces hydrogen desorption which degrades lumines-
cence intensity [13]. Coincidence of luminescence deg-
radation with the loss of Si-Rx bonds has lead some of 
the researchers to suggest poly-silane as playing the 
main role in the visible light emission [ 49). In the 
model based on Si-microcrystallites, on the other hand, 
hydrogen is regarded to be important in passivating the 
surface dangling bond defects, which are presumed to 
act as non-radiative centers. The degradation in lumi-
nescence intensity is then due to creation of such defects 
as a consequence of hydrogen desorption. 
A very recent X-ray absorption fine structure 
(EXAFS) study [20] reports the non-existence of a silo-
xene-like compounds in PS, for which the nearest neigh-
bor atom from Si is not oxygen hut Si. This EXAFS 
study could deny the abundant coordination of O next to 
Si. However, if the amount of oxygen is an order less 
than the expected concentration of oxygen in siloxene, 
they cannot be distinguished in EXAFS. Therefore, 
oxygen concentration seems not enough to form siloxene 
although Si-O bond is definitely present as revealed by 
the IR absorption measurement. 
Luminescent Properties 
In this section, properties of the luminescence from 
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PS are described. In addition to the features of the visi-
ble luminescence, which are first reviewed, properties of 
another intense luminescence at a lower energy is also 
given. Comparative discussion on these two radiative 
recombination processes would be effective in elucidat-
ing the mechanism of the visible light emission from PS. 
Information on the behavior of non-radiative defects, 
which is studied by optically-detected magnetic reso-
nance (ODMR), is also useful for this purpose since the 
charge transfer to the defects reflects the nature of the 
radiative states. Electroluminescence is also important 
from technological aspect, therefore, a brief summary of 
the recent achievements is given. 
Emission spectra 
The visible photoluminescence from PS has a broad 
spectral shape which can be approximated by a Gaus-
sian. The width of this band is typically in the range 
0.3-0.4 eV. The peak wavelength varies depending on 
the fabrication conditions (substrate conductivity type, 
HF concentration, current density, and light irradiation 
during anodization) and the post-anodization treatments 
( dipping into chemical solutions, oxidation, light irradia-
tion and annealing). The general tendency is that a PS 
obtained from an n-type Si substrate tends to give a peak 
at shorter wavelength than that from a p-type substrate 
[27]. If a substrate is illuminated during the anodiza-
tion, the peak wavelength also shifts to shorter wave-
length: from 700 nm for reference p-PS to 600 nm for 
illuminated p-PS [27]. 
The peak shift due to the subsequent treatments is 
such that the surface etching (i.e., the size reduction) re-
sults in the blue shift of photoluminescence spectra and 
this fact is often regarded as the supporting evidence for 
the quantum size effect in PS, as will be discussed be-
low. A more direct proof would be obtained by exciting 
individual Si-clusters with different diameters using cath-
odoluminescence or related techniques. However, such 
an approach so far has not been fruitful because the ac-
celerated electron beam degrades the luminescence very 
rapidly. Even in some successful cases, the spectrum 
differs from what is obtained by photo-excitation (i.e., 
by PL), probably due to the difference in the excited 
substances [46]. Alternatively, low energy electrons can 
be injected from a scanning tunneling microscope (STM) 
tip [ 17], but so far, information on the spectral corre-
lation with morphology is not available. 
Similarity in the optical properties have been re-
ported for other Si-based materials such as Si-nanopar-
ticle [60], siloxene or its derivatives [6], poly-silane 
chain [49], and a-Si:H [42, 67] etc. Thus, these mate-
rials form a group of candidates for the light emitting 
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Figure 1. The upper curve is the photoluminescence 
spectrum for the anodized PS measured at 4.2K, which 
are corrected for the spectral response of the measure-
ment system. The lower one was obtained by exciting 
the unanodized crystalline substrate area. , 
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Radiative efficiency 
The radiative efficiency of PS at room temperature 
is reported to be as large as 3 % [68]. Although, an ab-
solute value of quantum efficiency is sometimes difficult 
to estimate accurately, this value is comparable to the 
commercially available GaP light-emitting diodes. Indi-
rect bandgap semiconductors, such as GaP and Si, typi-
cally have very low quantum efficiency because the mo-
mentum conservation upon electron-hole recombination 
is difficult to be fulfilled. In GaP, efficient lumines-
cence is a result of the introduction of iso-electronic im-
purities, which enhance the recombination rate by three 
orders of magnitude as compared with a typical shallow 
impurity. This is because that the Fourier component of 
spatially localized wave function of the iso-electronic 
trap ex,tends to the center of the Brillouin zone, at which 
the valence band maximum is located. Therefore, a 
similar effect should take place in the case of PS if Si 
itself is a luminescent medium. In the quantum confine-
ment model, an increase in the transition probability is 
attributed to the modification of the band structure from 
that of bulk Si, whereas, other class of models assume 
the recombination to take place at some localized states. 
Figure 1 shows a photoluminescence spectrum of 
our PS sample measured at 4.2K [34]. The excitation 
was provided by an ultraviolet (UV) line (351 nm) of a 
Kr+ -laser. It shows two dominant emissions with com-
parable intensities; one in the visible ( - 1.75 eV) and 
the other in the infrared ( - 1.1 eV) energy regions. In 
spite of the similar emission energy of the IR-band to 
the bandgap of bulk Si, its spectral shape is totally dif-
ferent from the luminescence observed from the unanod-
ized portion of the wafer (lower trace of Figure 1), 
which is governed by the neutral-boron-related exciton 
emission. The relevance of this IR-band to the PS layer 
















1 2 3 4 
EXCITATION PHOTON ENERGY (eV) 
Figure 2. The photoluminescence intensities of the 
visible and IR emissions as a function of the excitation 
energy at room temperature. 
was further verified by measuring the excitation effi-
ciency with changing energy for excitation. As shown 
in Figure 2, the visible- and JR-bands have common 
threshold for excitation around 2.3 eV. 
Absorption and luminescence excitation spectra 
More detailed measurements on the photolumines-
cence excitation (PLE) spectra have been reported by 
several groups [58, 70]. All the data are rather similar 
with the first onset at around 2.0 eV. Further structures 
can be seen in the energy range 3.0 to 4.5 eV, which 
correspond to the direct excitation of crystalline Si. 
Wang et al. (70] report that the former low energy proc-
ess shows a blue shift when a freshly prepared PS film 
is stored in air. They take this information as the evi-
dence for the quantum confinement effect since the sur-
face oxidation during the air-exposure is expected to re-
duce the sire of Si-clusters in PS layers. On the other 
hand, Stutzmann et al. [58] argue that the low energy 
part of the PLE spectra follows an exponential depend-
ence on photon energy sometimes over two orders of 
magnitude. Such a dependence is ascribed to the pres-
ence of disorder and they [58] deduce the exponential 
slope parameter Bo ( = ohv/oln17, 17 is quantum effi-
ciency) to be 200 meV at 300K. 
Absorption measurements can also be performed us-
ing free-standing PS films. The spectral shape is similar 
to the PLE spectra in the comparable energy region. 
Additionally, it is reported that the low-energy tail of 
absorption extends even below the bandgap of bulk c-Si 
[26, 69]. This observation indicates the presence of 
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Figw·e 3. Chopping frequency dependence of the nor-
maliz.ed luminescence magnitude (solid circles) and the 
relative phase delay (open circles) for the visible emis-
sion (A = 700 nm) at 4.2K. The solid curve shows the 
magnitude response of the measurement system. 
Dynamic properties 
The decay characteristics of the visible luminescence 
reveals its non-uniform nature of this recombination 
process. Two kinds of decay transients are observed, 
among which the decay times differ by three orders of 
magnitude. The fast component [32] ranges from sub-
nanoseconds to several nanoseconds at room tempera-
ture. The main portion of the continuously-excited 
luminescence, however, shows a much slower decay 
with the decay time ranging from 10-6 to 104 seconds at 
room temperature. Below 300K, the decay time gradu-
ally increases towards low temperatures and shows a 
further steep increase below 1 OOK to reach a low tem-
perature value ( ~ 10-3 to 10-2 seconds at 4.2K) [25, 
34]. Both types of decay transients show a strong non-
exponentiality (18] which is sometimes characteriz.ed by 
a "stretched" exponential decay, S(t) = S(0)exp(-t/,8)'Y, 
where ,8 corresponds to the mean lifetime and 'Y (0 < 'Y 
< 1) represents the broadening of lifetime [ 40]. Within 
the "slow" decay part, lower energy portion of the lumi-
nescence band gives a slower decay (i.e., a larger r). 
Figure 3 shows a chopping frequency dependence of 
the visible luminescence at 4.2K. The data agrees with 
the above description: the main portion of the continu-
ously-excited luminescence being the slow transient 
which has a decay time longer than 10-3 seconds to-
gether with a non-exponentiality in its transient. The 
half-decrease in magnitude and 45° delay in phase corre-
sponds to the mean decay time of 7 milliseconds (ms). 
A separate pulsed excitation measurement consistently 
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yields a value of - 2 ms together with a non-exponen-
tiality. 
It is pointed out that these characteristics are similar 
to those of the tail state luminescence in a-Si:H, whose 
decay time is also in the 10·3 seconds-range together 
with a non-exponentiality in its transient [56]. In this 
material, photo-generated electrons and holes are rapidly 
thermalized into the disorder-induced localized states 
(tail states), so the electron-hole pairs are spatially 
separated. The recombination probability is proportional 
to the tunneling rate which is an exponentially decre.as-
ing function of the electron-hole separation normalized 
by the effective Bohr radius and the lifetime is expressed 
as r· 1 = r 0·
1exp(-2rfRo). In this way, a limited overlap 
of electron and hole wave functions results in a longer 
lifetime than that for a fully overlapping case, and fur-
ther, a distribution in the pair separation gives rise to a 
non-exponential decay transient. The overall scenario 
also applies to the donor-acceptor pair recombination in 
crystalline semiconductors [ 41]. 
Temperature dependence 
The temperature dependence of the luminescence in-
tensity is shown in Figure 4, which displays the data for 
both visible and IR processes. Let us first focus our at-
tention to the visible luminescence intensity. In order to 
eliminate the possible artifact brought about by the lock-
in detection technique when applied to the extremely 
slowly decaying visible luminescence, the excitation 
beam was not chopped and the direct current (de) detec-
tion was employed. When the sample is cooled to below 
room temperature, the intensity is gradually increased as 
shown in the Figure 4 inset. In general, a typically ob-
servable increase in luminescence intensity towards low 
temperature is due to a decreased thermal excitation of 
trapped carriers or suppressed dissociation of exciton. 
When the sample is further cooled below 100K, how-
ever, the intensity apparently decreased. Such a behav-
ior is again analogous to the behavior of luminescence 
from a-Si:H, which is due to the recombination of spa-
tially separated electron-hole pairs localized at tail states. 
This behavior is explained by the non-radiative Auger 
process taking place at non-geminate pairs [55]. 
In a system where an electron and a hole are local-
ized and spatially separated, the bimolecular interaction 
among pairs starts to compete with the radiative recom-
bination within a pair when the number of photo-gener-
ated carriers is increased (i.e., as the pair-to-pair dis-
tance is decreased). Thus, the non-radiative recombina-
tion rate, determined by this mechanism, is dependent 
on the excitation intensity and becomes more pronounced 
at low temperatures where the radiative recombination 
rate is decreased to give a larger steady state concentra-





















































Figure 4. Normalized PL intensities in the low temper-
ature region for the visible emission are shown under 
various excitation intensities: (a) 14 mW, (b) 1.8 mW, 
and (c) 0.15 mW. The inset {corresponding to data in 
(b)} shows the luminescence intensities of the visible and 
IR bands as a function of temperature. 
present case is conveniently checked by changing the ex-
citation power. It is seen in Figure 4 that a stronger ex-
citation results in a larger quenched portion together 
with a higher temperature which gives maximum intensi-
ty (TmaJ· A possible artifact due to laser heating can 
be simply excluded since the heating should affect the 
temperature dependence in an opposite way as the exci-
tation is changed. The observed T max• actually coin-
cides with the temperature below which the decay time 
suddenly starts to increase towards low temperatures. It 
is interesting to note that the electrical conductivity of 
PS also begins to decrease below 100K which means 
that the carrier diffusion is of special importance to the 
luminescence process. This coincidence suggests that in 
the high temperature region, a thermally-assisted migra-
tion of carriers to the non-radiative centers takes place 
and this process determines the decay time of lumines-
cence. At temperatures lower than 100K, such a migra-
tion is prohibited, so that, the bimolecular Auger recom-
bination becomes the dominant non-radiative process. 
On the contrary, the temperature dependence of the 
IR-luminescence intensity (inset in Figure 4) is a simple 
increase towards low temperatures. This result, in con-
trast to the data for the visible luminescence is regarded 
as rather typical among various recombination processes 
in semiconductors. 
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Figure 5. ODMR spectrum associated with the IR-PL 
band. Inset shows the result for a higher resolution 
scan, when the magnetic field was directed 45° away 
from_the < 001 >-axis of the crystalline substrate within 
the (110)-plane. 
Radiative species in PS 
By monitoring the visible luminescence, it is possi-
ble to study the spin-dependent processes by ODMR 
[12]. Stutzmann and Brandt [57] observed a lumines-
cence-enhancing ODMR (the spin resonance, which in-
creases the luminescence intensity) and concluded this 
signal to arise from a triplet state of the radiative 
electron-hole pairs. This is based on the observation of 
a simultaneous appearance of the ~ll\ = 2 transition, 
which is typical of the S = 1 system. A broad reso-
nance due to the ~Dls = 1 transition is centered at g = 
2 and this large width (500 G in the 9 GHz-measure-
ment) was attributed to the result of dipolar spin-spin in-
teraction in the triplet exciton. They [57] further find 
that the ODMR features of PS are similar to those found 
in disordered siloxene and a-Si:O:H alloy. 
The explanation mentioned above follows the similar 
ODMR results obtained for a-Si:H [36]. The sign of the 
~Dls = 2 transition as well as that of the broad ~ll\ = 
1 transition as reported by Morigaki and Yoshida [36] is 
dependent not only on samples but also on experimental 
parameters such as excitation conditions. In order to in-
terpret the results for a-Si:H, Brandt and Stutzmann [5] 
assumed the dipolar spin-spin interaction at Frenkel exci-
tons trapped at weak bonds as the broadening mecha-
nism of the ODMR signal and deduced a value of 0.5 
nm as its approximate radius. Such a scheme turned out 
to be challenged by Liedtke and Fuhs [31] who suggest-
ed an alternative model that the signal should be attribu-
ted to more distant electron-hole pairs with weak ex-
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Figure 6. Spectral dependence of the resonance signals. 
The uppermost trace is the PL spectrum. The lower two 
curves were obtained by setting the magnetic field to the 
indicated values. 
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explained to be due to contribution of pairs with various 
intra-pair separations and rather remote pairs (those with 
up to approximately 4 run separations) are predicted to 
cause the broadened resonance signal. It seems, there-
fore, fair to leave two of these possibilities also in the 
PS case. 
What is more important is that the line-width of this 
ODMR signal in PS does not significantly depend on 
which wavelength is monitored within the visible PL 
band [57]. This observation is not compatible with the 
argument that the broad spectral shape of the visible lu-
minescence should result from the size distribution of Si-
microcrystallites in the quantum confinement scheme be-
cause the line-shape of the resonance then must be sensi-
tive to the confinement geometry of electron-hole pairs. 
Non-radiative centers in PS 
Intensity of the visible luminescence from PS is 
known to decrease after a prolonged laser illumination 
or thermal anneal. This is attributed to the partial disso-
ciation of hydrogen to create dangling bond defects at 
the surface. Actually, a change in spin density of the 
defect (Pb-center) after these treatments is reported to 
show an anti-correlation with the luminescence intensity 
(63, 72]. It has been reported that a method called the 
rapid thermal oxidation at high temperature can passivate 
the non-radiative defects and even stronger luminescence 
compared to as-anodized PS can be obtained [44]. 
At low temperatures, as detailed above, the main 
non-radiative process competing with the visible lumi-
nescence becomes the bimolecular Auger excitation in-
stead of carrier transfer to the non-radiative centers. On 
the contrary, it is possible to observe a strong interaction 
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Figure 7. Angular dependence of ODMR. Two sets of 
data (circles and triangles) are shown to indicate the 
reproducibility. The solid curves are calculated using 
the g-tensor of the Pb-center, which are shifted due to 
the ambiguity in the field calibration. 
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of the dangling bond defect with the IR-luminescence 
process as revealed by the ODMR technique [33]. 
At 1.6K, a strong ODMR due to the Pb-center is 
observed at g = 2 as shown in Figure 5. The data was 
recorded by monitoring the total IR emission and the 
microwave power at 35 GHz was applied to induce spin 
resonance. The sign of the signal is such that the spin 
resonance decreases the IR-luminescence. Broad fea-
tures in the low field region (peaks at 0.2 T and 0.62 T) 
are due to the cyclotron resonance (i.e., the optically 
detected cyclotron resonance, ODCR) of holes in the 
p-type c-Si substrate which is simultaneously photo-ex-
cited. These field positions correspond to the effective 
mass of 0.16 mo and 0.49 mo, respectively, which agree 
with the established values for light- and heavy-hole in 
c-Si. Figure 6 shows the spectral dependence of ODMR 
and it is clear that the broad spectral feature of the IR 
PL in PS is only tagge.d by the 1.25 T-resonance. The 
overlapping sharp structure in the bottom trace is due to 
the tail contribution of the ODCR which has an order of 
magnitude larger amplitude (~I/I) than that of the 
ODMR. 
The ODMR spectra in the g - 2 region consist of 
multiple lines (see inset, Figure 5) which show a distinct 
anisotropy as the static magnetic field is rotated with re-
spect to the sample orientation (in the present case, the 
substrate orientation). The resonance peak positions are 
plotted in Figure 7. Most of the data points are consist-
ent with the Pb-center [10] resonance, which is described 
by a < 111 >-axial g-tensor (C3v-symmetry) with ~g = 
189 
g Ji - g .1 = -0.007. Such an anisotropy suggests that the 
IR-emitting region in PS has an efficient charge transfer 
to the c-Si region where this defect exists. On the con-
trary, ODMR due to this defect on the visible lumines-
cence is measured to be much weaker by at least two or-
ders of magnitude. This result implies that the visible 
luminescence does not arise from the same crystalline 
region but from the adjacent matter from which the 
charge transfer to the crystallite surface is quite 
inefficient at low temperatures. 
Pb-center was first detected at the interface between 
SiO2 and (111)-Si crystal and is attributed to the Si-dan-
gling bond defect which belongs to a trivalent Si-atom at 
the surface of c-Si [37]. This center has been shown 
[29] to play its role as a non-radiative center in the c-Si 
case, which quenches the luminescence due to neutral-
donor bound excitons. The relevant mechanism is spec-
ulated to be the electron transfer from the shallow donor 
to the Pb-center when spin resonance occurs at the sin-
gly-occupied dangling bond [29]. At resonance, a 
change in spin temperature results in an increase in the 
anti-parallel spin configuration between the defect elec-
tron and the shallow-donor-trapped electron, so that, a 
disproportionate transfer between these electrons is 
expected to be enhanced. 
Si--dangling bond defects have also been identified in 
a-Si:H; the resonance, in this case, is isotropic with a 
g-factor of 2.055 [61]. This isotropic feature is explain-
ed by a lack of long range order in the material. Exten-
sive ODMR investigation has been performed and this 
defect is shown to participate in the non-radiative shunt 
path for the tail state luminescence but act as a radiative 
recombination center for the lower energy luminescence 
(0.9 eV-band) [35]. 
Relation of IR lwninescence and the dangling bond 
defects 
The fact that the dangling bond decreases the IR 
luminl.'.scence from PS at its spin resonance suggests that 
this defect is acting as a non-radiative center for this 
light emission process. This point is important since a 
recent theoretical calculation predicts that this defect 
may be a radiative center in the infrared energy region 
in PS [14]. Actually, our argument is further supported 
by the result of transient response measurements of the 
ODMR. 
In case of a-Si:H, the role of dangling bond defect 
on the high-energy luminescence (1.4 eV-band) was 
somewhat controversial [15]. This is because a quench-
ing ODMR (an ODMR signal with a negative sign) does 
not necessarily indicate that the detected defect is acting 
in the competing non-radiative process. The radiative 
geminate-pair recombination scheme also predicts that a 
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Figure 8. The upper curve is the transient response of 
the Pb-center ODMR on the IR luminescence measured 
by switching on/off the applied microwave power. The 
lower curve compares the transient response of the IR 
luminescence after blocking the excitation laser light. 
the relevant center itself is involved in the radiative 
recombination process. If a luminescence is dominated 
by geminate pairs, for which an electron recombines 
with a hole generated by the identical excitation event, 
recombining pairs have a dominant population in the sin-
glet configuration. When a spin resonance is induced, 
spin flip transforms some of the pairs to be in the triplet 
configuration, at which the recombination rate is typical-
ly much smaller, so that one expects to observe a de-
crease in the luminescence intensity ( a quenching 
ODMR). This is in contrast with the non-geminate pair 
system where a recombining electron has no spin memo-
ry with respect to the counterpart hole. In this latter 
case, before inducing a spin resonance, generation rate 
of triplet pairs is the same as the singlet pairs and the 
population is accumulated in the triplet pairs due to the 
difference in their lifetimes. The spin resonance then in-
creases the singlet pairs and results in an enhancement 
of luminescence intensity. Therefore, in the non-gemi-
nate regime, a quenching ODMR is attributed to a reso-
nant increase in the non-radiative recombination path 
which is competing with the luminescence of interest. 
Distinction between these two possibilities can be 
made by measuring the transient response of ODMR up-
on switching the applied microwave power on and off 
[4]. Although the sign of ODMR is predicted to be neg-
ative for both cases, analysis of the rate equation shows 
that the features of the transient wave-forms should be 
different. The calculation by Depinna et al. [15] pre-
dicts that for a radiative geminate-pair case, lumi-
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Figure 9. The chopping frequency dependence of the 
magnitudes of Pb-center ODMR and IR luminescence. 
Microwave power was chopped to obtain the former 
(ODMR) while the laser light was chopped for the latter 
(IR-PL). 
first shows a negative transient spike which then ap-
proaches the steady state intensity. Its initial slope is 
characterized by the magnetic dipole transition rate 
which is much larger than the recombination rate when 
the ODMR is observed with an appreciable strength. 
On the other hand, in the distant (non-geminate) pair 
shunt process, the curve is a slower transient simply ap-
proaching the steady state value and the response time is 
represented by the radiative lifetime [16]. In both cases, 
speed of the switch-off transient is limited by the radia-
tive lifetime. 
The transient wave-form of the Pb-center ODMR (a 
luminescence-quenching signal) at 1.6K is shown in Fig-
ure 8 which is obtained by the boxcar detection tech-
nique. The sequence of applied microwave !JOWer (100 
mW at 35 GHz) is indicated by arrows. The lower trace 
in Figure 8 compares the decay characteristics of the 
IR-luminescence, which, in this time, was measured by 
switching off the excitation laser beam ( 488 nm-line of 
Ar+ -laser) using an accousto-optic deflector. The wave-
form of ODMR has no initial spike but is a slowly ap-
proaching transient to its steady state value. The 
switch-on and -off transients are characterized by a com-
mon transition time of approximately 15 µs. Therefore, 
it is most likely that the process is classified as the 
distant-pair shut path provided by the non-radiative 
Pb-center. 
In this case, the slope of the transients represent the 
non-radiative recombination time. The decay of lumi-
nescence is faster and a lifetime is estimated to be 3 µs. 
This latter result is in agreement with the previously 
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cited value (2 µs) in which the IR-luminescence was ex-
cited by a pulsed N2-laser [34). The relation between 
the non-radiative recombination time (15 µs) obtained by 
the time-resolved ODMR measurement and the lumines-
cence decay time (3 µs) is consistent with a high effi-
ciency of the IR luminescence, in which the decay is 
mainly determined by the radiative lifetime. Figure 9 
shows the frequency response of this ODMR and IR-lu-
minescence. The response of ODMR consistently starts 
to decrease at lower modulation frequencies compared to 
that of the luminescence. Therefore, it is concluded that 
the radiative state for the IR luminescence does not in-
volve Pb-center, which acts as a competing non-radiative 
shunt process. 
The results presented above are discussed in con-
junction with the visible luminescence process. Contri-
bution of the non-radiative recombination via Pb-center 
is argued to be negligible at low temperatures but a ther-
mally-assisted carrier migration seems to provide charge 
transfer to this defect at elevated temperatures ( above 
70K). In this high temperature regime, the mean decay 
time for the visible luminescence approaches 10 µ,s as 
given in the previous subsection. This value agrees with 
the non-radiative recombination time due to the Pb-cen-
ter which should be equal to or somewhat shorter than 
the low temperature value presented above. Therefore, 
the results of the transient ODMR measurements are 
consistent with the apparent anti-correlation with the 
defect density with the visible luminescence intensity. 
Electroluminescence 
Electroluminescence (EL) from PS is important 
from the device point of view. An early report can be 
found on the visible light emission during the anodi:za-
tion process [24]. This phenomena was later confirmed 
by several groups and an indication has been obtained 
that the current injection in the electrolyte system might 
be responsible for this light emission. The electrolumi-
nescence is also observed under the cathodic bias condi-
tion, whose efficiency amounts to 0.1 % [9]. 
There are also a group of reported EL experiments 
in which metal electrodes are fabricated on the surface 
of PS. For example, Petrova-Koch et al. [43] deposited 
either gold or indium-tin-oxide (ITO) film on the PS sur-
face and used Al as the substrate ohmic contact. This 
EL cell shows a rectifying current characteristics and the 
forward current injection occurs when the PS side is 
positively biased. The quantum efficiency in their case 
is low (less than 10-5 % ) and the light intensity is 
quenched during the device operation. Alternatively, 
Futagi et al. [22) used n-type microcrystalline SiC as the 
top electrode for current injection into p-PS. Quite re-
cently, Koshida et al. [28] reported on the use of elec-
tro-polymeri.zed polypyrrole as a solid-state contact to 
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the PS layer. Their attempt was intended to impregnate 
the porous structure with a conducting medium which 
should provide a more uniform electrical contact com-
pared to the simply deposited metal films. As a result, 
they report a factor of 2.5 improvement in the light 
output per incident electrical power. 
Discussions on the Models for Lwninescence 
Quantum-size effect 
In the quantum confinement picture for the visible 
luminescence, the recombination is assumed to be a par-
tially allowed indirect band transition which results from 
the relaxed momentum selection in the Si-microcrystal-
lites. Therefore, the assumed recombination is not yet 
in the allowed direct transition regime. In this way, the 
slow decay ofluminescence is expected. Actually, the.o-
retical calculations give a value corresponding to the ex-
periments in a certain range of cluster si:ze. The impor-
tant difference from the direct recombination picture is 
that the decay time is strongly dependent on the cluster 
size. 
The quantum confinement effect not only enlarges 
the bandgap but also increases the recombination proba-
bility since a confinement to small clusters modifies the 
indirect band nature of bulk Si. In the effective mass 
scheme, the energy level of a quantum wire goes up as 
h2/4L2m (L: wire width, m: mass) by assuming a para-
bolic band and an infinitely high confining barrier. Cal-
culation for the quantum dots performed by Takagahara 
and Takeda [59) also predictll a steep increase in the re-
combination rate with si:ze reduction; they also point out 
the importance of low dimensional excitonic effect. The 
rate actually increases as L-5 according to the study by 
Sanders and Chang [52]. From the tight-binding~-
proach, the confinement energy is proportional to L-1. 9 
[50] showing a minor difference from the results obtain-
ed by the effective mass calculation. The ab-initio cal-
culation of Si clusters up to Si123 has also been reported 
where the energy gap again increases with the size re-
duction and correspondingly, the originally forbidden 
transition becomes weakly allowed (r ~ 1 ms for Si123 
and r ~ 1 µs for s29) and then finally allowed (r < 10 
ns) [65]. 
In view of such predictions, the main experimental 
support for the quantum confinement model comes from 
the correlation of emission wavelength with the average 
size of microcrystallites. This has been observed as a 
blue shift in the PL spectrum by etching the porous re-
gion subsequently after anodization. A more recent 
study finds that the microcrystallites in PS give the 
similar peak wavelength to the light emission from com-
parable si:ze of oxide-capped Si-nanoclusters prepared by 
the colloidal technique [53). 
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However, such a trend is not direct enough to con-
vince the quantum confinement model. In fact, it has 
been pointed out by Friedersdorf et al. [19] that the blue 
shift might be the result of increased stress after in-
creasing the porosity by subsequent etching. Further-
more, based on the luminescence cycling experiment 
[ 47] in which repeated thermal oxidation and HF etching 
sequentially degrade and then regenerate the visible 
luminescence, the peak energy does not continuously 
blue shift but rather flips between the fixed values (1.68 
eV after oxidation and 1.9 eV after stripping the oxide 
layer by HF). 
It is also an open question whether the broad Gaus-
sian shape of the visible luminescence can be explained 
by a reasonable distribution in the cluster size. In order 
to account for the distribution of decay time within the 
emission band as well, a steep dependence on the cluster 
siz.e (inversely proportional relation to the fifth power of 
siz.e) seems to force a strange siz.e distribution. Further-
more, temperature dependence of lifetime distribution 
seems to be a further difficulty to explain. 
When measured at room temperature, the mean de-
cay time of the visible luminescence is shorter for higher 
energy within the emission band [21, 68]. The explana-
tion based on the quantum confinement picture is that 
the broad bandwidth of the visible PL is due to the emis-
sion from clusters with various sizes and that a smaller 
quantum box should have a larger oscillator strength. 
But at low temperatures, the mean decay time becomes 
rather uniform throughout the band [21, 39]. Theim-
portant point is that the degree of non-exponentiality is 
rather unchanged even after such a change in the decay 
time distribution [39]. If the siz.e distribution was the 
source of lifetime distribution, the transients should ap-
proach the exponential function when the lifetimes with-
in the band become uniform. Therefore, it seems un-
likely that boxes are smaller in the high energy portion 
of the emission band and vice versa. By comparing the 
lifetime and luminescence efficiency, Vial et al. [68] 
conclude that the luminescence decay time at room tem-
perature or higher is determined by the non-radiative re-
combination rate, although their model is based on the 
quantum confinement picture. The radiative lifetime 
they estimate in this way is 1 ms and agrees with the 
luminescence decay time measured at low temperatures. 
Localized state model 
The other case, namely the localiz.ed state mecha-
nism, is discussed in the following. The assumption is 
that the photo-excited carriers relax to the localiz.ed state 
induced either by structural disorder or chemical modifi-
cation of surface. In this case, the localized states are 
rather insensitive to the geometrical confinement so that 
the broad spectral shape does not necessarily result from 
192 
the siz.e distribution among Si-clusters. The important 
point is that the carrier localization enables a thermaliz.ed 
electron-hole pair to he spatially separated relative to the 
localized orbitals. It is due to this spatial separation that 
the similarity of the visible luminescence properties to 
those of the tail-state luminescence from a-Si:H can be 
accounted for. 
The other point which suggest the localized recom-
bination nature of the visible luminescence is that the 
separate lower energy luminescence (IR-luminescence) 
is likely to be arising from crystalline-Si regions within 
the porous layers. This is the consequence of the large 
difference in the ODMR amplitude of the Pb-center reso-
nance. Charge transfer to this dangling bond defect, sit-
uated at the surface of crystalline-Si region, is only effi-
cient in the IR recombination process but not that much 
so in the visible process at low temperatures. This re-
suit implies that the IR luminescence is correlated with 
the crystalline region but the visible one does not have 
he since otherwise, a radiative recombination with a 
longer decay time (visible process) should be more 
sensitive to the common non-radiative recombination 
process. 
Here, it is to be noted that the visible luminescence 
does have a chance to be transferred to the dangling 
bond defects with the help of thermal excitation. This 
is actually observed as an anti-correlation of the defect 
spin density with the luminescence intensity measured at 
room temperature. Therefore, the dominant non-radia-
tive process competing with the visible luminescence is 
switched from the Auger process to the recombination 
involving the Pb-center depending on temperature. In 
the high-temperature range, the visible luminescence is 
branched to the dangling bond, but as the temperature is 
lowered, the carrier migration to the this defect becomes 
limited to give a longer decay time so that the lumines-
cence starts to compete with the Auger process. Al-
though the dangling bond resonance signal reveals its 
crystalline environment, this fact does not directly indi-
cate the visible-emitting region to he also crystalline. 
As for the radiative species for the IR luminescence, 
we speculate that it may be an electron-bole recombina-
tion in the crystalline region which undergoes some form 
of strong perturbation to relax the momentum selection 
rule. One possibility of such a perturbation would he 
the internal strain that has been actually evidenced by the 
X-ray diffraction measurements. However, it is present-
I y unknown if this could explain the broad spectral shape 
of the IR-hand. But still, such a model predicts the car-
riers to be rather delocalized to have an efficient charge 
transfer to the Pb-center which preserves the crystalline 
environment. 
As discussed above, the IR luminescence is likely to 
originate from the crystalline-Si region within the porous 



















Figure 10. The model for the two recombination processes in porous-Si, for which the band diagrams for (a) the 
infrared luminescence (denoted as IR) and (b) the visible luminescence (VIS) are respectively shown. The shaded area 
in (c), which shows a geometrical sketch, is the localired-states-containing subject. DB denotes the PH-center. The 
Si-microcrystallites (µc-Si) are tentatively assigned as the photo-excited regions. 
layer. If we further assume the visible luminescence to 
be also due to small crystalline-Si, it is difficult to ex-
plain why we have two distinctly separate luminescence 
bands instead of a single broader spectrum. Further-
more, the relation of lifetime among the visible and IR 
bands does not agree with such a prediction: a longer 
decay time for the visible luminescence is not expected 
in supposedly smaller clusters. Even within the visible 
band, it has been already pointed out above that the tem-
perature dependence of the lifetime distribution is diffi-
cult to explain by assuming Si-quantum boxes with vari-
ous sizes. This last situation seems to correspond to the 
results of a recent ODMR experiments by Stutzmann 
and Brandt [57] who investigated the triplet resonance. 
Within the visible luminescence band, they observe no 
systematic change in the magnitude of magnetic interac-
tion among the electron-hole pairs as a function of moni-
tored wavelength. Therefore, although it seems correct 
that the average size of clusters shows a correlation with 
the emission wavelength, such a trend does not directly 
support the quantum confinement model for the recombi-
nation process. 
The model for the recombination processes are 
sketched in Figure 10. The present study on the lumi-
nescence properties does not determine in what kind of 
substance the photo-excitation takes place and a Si-quan-
tum box might be a good candidate. Actually, recent 
luminescence mapping study using an STM-tip [17] finds 
that the luminescence image is correlated with such 
microcrystallites. Although the experiment does not 
resolve where the recombination is taking place, current 
injection into such small strnctures enhances lumines-
cence. 
The excited carriers are then efficiently transferred 
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to the adjacent disordered region or to the surface where 
the carrier localization to the radiative initial state of the 
visible PL follow. As for the IR-PL, we have to assume 
a different substance to which a portion of photo-excited 
carriers are transferred after generation. The tempera-
ture dependence of IR luminescence intensity is approxi-
mated with an activation energy of 48 me V so that this 
radiative recombination is unlikely to be relevant with a 
deep trapping state in a wide gap material. 
The visible emitting substance is represented by the 
shaded area in Figure 10. However, it is not clear at 
present whether the origin of the localired states is an 
amorphous substance (a-Si:H, a-SiOx:H or a-SiOx:N:H) 
or surface states [26] of Si-microcrystallites. The other 
class of models, such as, poly-silane or siloxene, cannot 
be excluded from our present experimental data since 
they do not impose a strong correlation between the 
emission wavelength and size of crystalline Si clusters. 
However, the fact that the replacement of surface Si-H 
bonds by SiO2 using oxidation techniques still gives the 
visible luminescence [7, 44) suggests that the main role 
of hydrogen should be the surface passivation rather than 
to provide the electronic state responsible for the visible 
luminescence. This situation questions the necessity of 
poly-silane as the light emitting matter. On the other 
hand, a similarity between the bandgap shrinking of 
a-Si:H due to hydrogen loss and the observed red shift 
of luminescence from PS as a function of annealing tem-
perature has been pointed out by Prokes et al. [48]. 
Also, the role of oxygen is somewhat in variance de-
pending on researchers as to whether its presence is es-
sential in obtaining the red luminescence. Thus, future 
work is required to clarify these points in order to 
specify the visible light emitting substance in PS. 
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Conclusions 
The structural and luminescent properties of PS are 
reviewed. It is argued that the properties of IR lumines-
cence as well as the charge transfer to the non-radiative 
paths are informative in elucidating the mechanism of 
the visible radiative recombination. 
Together with a review on the experimental and the-
oretical support for the quantum confinement model for 
the visible PL, its limitations are also discussed. Prop-
erties of this luminescence suggest a participation of lo-
cafued states, either the surface states of Si-microcrys-
tallites or disorder-induced states in amorphous sub-
stance, being in analog to the behavior of the tail-state 
luminescence in a-Si:H. As for the IR luminescence, its 
origin is speculated to be the carrier recombination with-
in the perturbed crystalline Si regions within the porous 
layer. Such a model successfully explains our ODMR 
data in which carrier transfer from the visible emitting 
states to the surface dangling bonds on crystalline clus-
ters requires a thermally-assisted migration whereas the 
IR radiative species show an efficient charge transfer 
even at low temperatures. However, the origin of the 
localized states responsible for the visible process is not 
determined at present and points to the necessity of 
future study. 
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